Three pulse photon echo peak shift spectroscopy and transient grating measurements on Zn-substituted cytochrome c, Zn-tetraphenylporphyrin, and Zn-protoporphyrin IX are reported. The effects of protein conformation, axial ligation, and solvent are investigated. Numerical simulations of the peak shift and transient grating experiments are presented. The simulations employed recently derived optical response functions for square-symmetric molecules with doubly degenerate excited states. Simulations exploring the effects of excited-state energy splitting, symmetric and asymmetric fluctuations, and excited-state lifetime show that the time scales of the peak shift decay in the three-level system largely reflect the same dynamics as in the two-level system. However, the asymptotic peak shift, which is a clear indicator of inhomogeneous broadening in a two-level system, must be interpreted more carefully for three-level systems, as it is also influenced by the magnitude of the excited-state splitting. The calculated signals qualitatively reproduce the data.
I. INTRODUCTION
Although heme proteins constitute one of the most widely distributed classes of cofactor-containing proteins, the complex photophysics of the heme, particularly its ligand and internal conversion dynamics, has complicated efforts to use it as a probe of protein dynamics. [1] [2] [3] [4] [5] Hemes, and more generally all porphyrins, have two sets of electronic transitions in the visible: the Q band at 500-600 nm and the Soret ͑B͒ band at 400-430 nm. The traditional starting point for describing these electronic transitions is Gouterman's fourorbital model. 6 In this model, both absorption bands arise from linear combinations of the nearly degenerate electronic states within the quasi D 4h molecule. Gouterman's model accurately describes the effects of substituents on porphyrin spectra and is also a good starting point for describing the effect of nonplanar distortions on the spectra. More recent models of porphyrin electronic structures have been provided by ab initio calculations. 7 These models better predict the intensities of the electronic transitions and, in some cases, predict the existence of more than two sets of states in the Q and Soret bands. Nevertheless, all theoretical descriptions of these molecules agree that each UV-vis band is comprised of quasidegenerate orthogonal transitions, denoted here as B x and B y for the Soret band and Q x and Q y for the Q band. These transitions have been observed experimentally; low temperature UV-vis spectra of ferrocytochrome c ͑cyt c͒ and Zn-cytochrome c ͑Zn-cyt c͒ show a splitting of 200-300 cm −1 that has been assigned to the Q x -Q y splitting. 3 As a result of the electronic quasidegeneracy, the excitation of either the Soret or Q bands with a femtosecond pulse of sufficient bandwidth is expected to prepare a superposition of states whose dephasing and relaxation will influence time-resolved signals. Mukamel and Abramavicius 8 and
Sung and Silbey 9 recently introduced methods for describing the linear and nonlinear spectroscopy of systems with coupled excitations such as molecules with multiple transitions. Both theories lead to the same results but utilize different conventions for defining the excited-state displacements and time intervals. The third-order optical response is calculated from line shape functions g͑t͒ that describe the fluctuations of each electronic energy gap. 10 For a chromophore with one ground and one excited state ͑i.e., a twolevel chromophore͒, a single line shape function is sufficient to describe the dynamics of the system. Smith et al. 11 employed these multilevel optical response theories to investigate the spectroscopy of square-symmetric chromophores. These systems differ from two-level chromophores in three significant ways. First, the symmetry of the excited-state vibrational fluctuations must be considered. Symmetric vibrations broaden the electronic transitions in the same way as in two-level systems. By contrast, vibronic interactions with asymmetric modes cause Jahn-Teller distortions that give rise to a fluctuating energy splitting between levels. Second, anisotropy effects are important. In two-level systems, dipole orientation only changes because of molecular motion. However, for molecules with nonparallel transitions, electronic reorientation leads to a time-dependent anisotropy that decays because of dephasing between the excited-state levels. In this context, the transient absorption and emission anisotropies of chromophores with degenerate transitions have been of interest because of the theoretical prediction that coherent excitation may give rise to anisotro-pies larger than the canonical value of 2 / 5. 12 The influence of these anisotropy effects on other four-wave mixing experiments on porphyrins has not been discussed. Finally, population transfer between excited-state levels should also affect the optical signals. Various approaches are available for calculating the optical response of a multilevel system in the presence of population transfer. 13 However, a theory that simultaneously considers the dephasing and population transfer arising from each vibrational mode is not yet available. In this work, we consider the effects of a multilevel structure on two types of femtosecond spectroscopy. Three-pulse photon echo peak shift ͑3PEPS͒ spectroscopy is a resonant four-wave mixing technique that is useful for measuring the spectrum of bath fluctuations on time scales ranging from femtosecond to tens of nanoseconds. 3PEPS, along with a closely related transient grating ͑TG͒ spectroscopy, has been used to characterize dynamics in solvents, [14] [15] [16] [17] glasses, 17, 18 and several proteins. 2, [19] [20] [21] For a two-level chromophore, the peak shift time scales reflect the time scales of ground-to excited-state electronic energy gap fluctuations. Furthermore, the asymptotic value of the peak shift is proportional to the magnitude of inhomogeneous broadening. This capability is useful for characterizing conformational diversity. 2 An advantage of the technique is thus in providing a direct reading, from the inspection of the peak shift trace, of the time scales of molecular dynamics. 3PEPS has been applied to several porphyrin-containing systems, especially chlorophyll-containing photosynthetic complexes, 9, 22 but only two studies of heme proteins have been reported. 1, 2 In one of these studies, 1 on Zn-myoglobin, discrepancies between the peak shift measurements on the Q band and the signals predicted by molecular dynamics simulations were thought to arise from the neglect of multilevel effects.
In this study, we investigate the extent to which 3PEPS and TG measurements on porphyrins, particularly hemes, are sensitive to bath dynamics rather than to internal conversion or electronic dynamics. We present both experiments and simulations based on the model developed by Smith et al. 11 for a square-symmetric, quasidegenerate chromophore ͑level splittings less than 500 cm −1 ͒. Measurements were performed on Zn-cyt c and Zn-porphyrins, which often serve as models for their Fe-heme counterparts because their longlived Q states facilitate hole-burning and fluorescence measurements. 3, 5 Since the structures of myoglobin 23 and cytochrome c ͑Ref. 24͒ are minimally perturbed when Fe is replaced by Zn, the properties of native heme proteins may be inferred by studying Zn-substituted systems. 3, 25 We also investigated the effects of ligation, solvents, and protein conformation. Measurements were performed on Zntetraphenylporphyrin ͑ZnTPP͒ and Zn-protoporphyrin IX ͑ZnPP9͒. 26 ZnTPP is a well-characterized molecule that provides an opportunity to examine separately the impact of axial ligation and solvent on the optical signals. Finally, 3PEPS measurements on native and urea-denatured Zn-cyt c reveal an increased amplitude of low frequency motions and an increased disorder of the unfolded state relative to the native conformation.
II. EXPERIMENT
A. Materials and methods
Samples and steady-state optical characterization
ZnTPP, ZnPP9, imidazole, and solvents ͓dichlo-romethane ͑DCM͒, toluene, and dimethyl sulfoxide ͑DMSO͔͒ were purchased and used as received. Zn-cyt c was prepared from commercially available horse-heart cyt c, according to published methods. 27 Denatured Zn-cyt c at pH 7 was prepared by adding urea to obtain a 10M urea solution, buffered in 100 mM phosphate buffer. Absorption spectra were measured in a 1 cm path quartz cell with a diode array spectrophotometer. Emission spectra were measured in a standard double-monochromator fluorimeter with 1 cm cuvettes using a 2 nm excitation bandwidth, a 2 nm detection bandwidth, and a 0.5 s/point averaging. The Stokes shift of each sample was estimated by manually picking the peaks of the absorption and emission spectra with a data plotting software.
Femtosecond spectroscopy
Femtosecond pulses were generated by a home-built cavity-dumped Kerr lens mode-locked Ti:sapphire oscillator, pumped by a commercially available continuous wave ͑CW͒ diode-pumped 532 nm laser. The cavity-dumped oscillator typically delivers ϳ30 nJ and ϳ30 fs pulses tunable from 790 to 860 nm. The repetition rate is variable from 10 to 250 kHz. The frequency-doubled output from the oscillator ͓generated in a 0.4 mm type-I beta barium borate ͑BBO͒ crystal͔ provides the excitation source for the experiments. The excitation wavelength is selected by tuning the oscillator to an appropriate wavelength, then adjusting the phase-matching angle of the BBO crystal. Before the second harmonic generation, the fundamental is compensated for the material dispersion due to lenses and the crystal, using a pair of fused-silica prisms in a double-pass setup. The blue beam was separated from the fundamental with a dichroic beam splitter, collimated, and compressed with another pair of Brewster-cut fused-silica prisms to the near transform limit of ϳ30 fs. Approximately 2 nJ total pulse energy was used for the experiments. At the sample spot, ϳ500 pJ per pulse was available for each beam. The three beams were focused to a spot of ϳ50 m.
3PEPS and TG measurements were performed with a standard optical arrangement similar to those already described. 28 Depending on the experiment, the excitation wavelength was tuned from 400 to 427 nm with spectral full widths at half maximum ͑FWHMs͒ of 6 -7 nm. In each case, the laser was tuned near the peak of the Soret band. The pulse delays and autocorrelations were determined by measuring the intensity profile with the two-photon-induced photocurrent as a function of delay in a SiC photodiode. Pulse widths of 30-35 fs were obtained.
Chromophore concentrations were typically 200 M, and 30 mM imidazole was present in ligated samples. The sample was sandwiched between two fused-silica windows with a 250 m spacer and placed in a spinning sample holder. During measurements, the sample was spun at a maximum rate of ϳ50 Hz. The choice of the spin rate in conjunction with the selection of the laser repetition rate was important for the elimination of an artifact observed in the coherence traces ͑integrated echo͒. At 250 kHz, for example, a nonzero integrated echo signal in the negative coherence period was observed when the pulses were nonoverlapping in time. Reducing the repetition rate to below 50-100 kHz ͑depending on the sample͒ eliminated this signal.
B. Experimental results
We performed Soret-band measurements on ZnPP9, ZnTPP, and Zn-cyt c. Although cyt c contains a PP9 cofactor, which makes a comparison of Zn-cyt c and ZnPP9/solvent data desirable, we performed measurements on ZnTPP because its solubility properties and extensive characterization in previous studies afford the opportunity to examine a chemically well-defined system ͑e.g., known ligand binding constants͒.
Absorption and emission spectra
Parameters characterizing the steady-state spectra of Znporphyrins are summarized in Table I . We focus on the Soret-band spectral characteristics. The peak wavelengths and widths are sensitive to solvents: however, the Soret-band position does not show a simple correlation with solvent polarity. The spectral widths show an interesting trend; the Soret band narrows with increasing polarity. The bandwidth changes are probably a function of both polarity and ligation state because DMSO is the most polar solvent considered here, and it is also ligating, 29 −1 FWHMs. The narrower Soret band of ZnTPP in DMSO probably indicates that porphyrin is present as a five-coordinate species. We suggest that the addition of imidazole causes the spectrum to broaden due to heterogeneity because two five-coordinate species are then present: DMSO ligated and imidazole ligated. The Soret absorption spectra of the imidazole-ligated species peak at nearly the same wavelength in all three solvents. The observation that the peak position is sensitive to solvents when no axial ligand is present, but insensitive when axial ligand is present, suggests a specific interaction of the electron-donating solvent with the Zn atom. A polar solvent with a higher degree of electron-donation through the Zn may strengthen bonding within the macrocycle. This suggestion is consistent with the observation that ligation ͑which also contributes electron density to porphyrin͒ also leads to a narrowing of the spectrum presumably because of rigidification of porphyrin. A similar decrease in conformational heterogeneity upon ligation of NiTPP with nitrogenous bases has also been observed both by Raman spectroscopy and by the narrowing of the Soret-band spectrum. 31 The Soret-band absorption spectrum of Zn-cyt c is sensitive to protein conformation. When unfolded in 10M urea, the Soret absorption band of Zn-cyt c blueshifts from 422 to 418 nm and slightly widens, in agreement with published data. 32 In view of the ZnTPP solvent data discussed above, this spectral shift is likely the composite result of two structural changes: increased aqueous exposure of the heme cofactor, which leads to a spectral redshift, and loss of native ligation, which leads to a blueshift. Both of these structural changes are known to occur upon unfolding of Zn-cyt c. 32, 33 The emission spectra are also sensitive to solvent interactions and ligation. As previously reported, 34, 35 ZnTPP, whether ligated or not, shows a Soret-band fluorescence in all solvents, in addition to a Q-band emission. By contrast, ZnPP9 and Zn-cyt c only show a Q-band fluorescence. The Stokes shift of the ZnTPP Soret-band emission in the pure solvents decreases with increasing solvent polarity and decreases upon ligation. However, the Stokes shift of ZnTPP in DMSO increases upon ligation to imidazole. We cannot offer an explanation for this observation. In general, the sensitivity of the Soret steady-state spectra to ligation and solvents are consistent with the expectation that both the spectral width and the Stokes shift are related, 10 and their values are related to the magnitude of the coupling of the electronic transition to the nuclear degrees of freedom. Figure 1 shows 3PEPS traces of ZnTPP in three solvents. The peak shift decays are sensitive to solvents. The initial peak shift inversely correlates with solvent polarity: in the least polar solvent ͑toluene͒, the initial peak shift is largest, and in the most polar solvent ͑DMSO͒, it is smallest. The fastest decay time scales, ranging from 24 to 40 fs, are typical of those reported in numerous 3PEPS studies. 2, 16, 21 In all three solvents, this component accounts for 60%-70% of the total decay. All three traces also contain slower decay components ranging from ϳ190-500 fs that account for up to 30% of the total peak shift ͑see Table II͒ . In toluene and DMSO, 5.3 and 8.5 ps decays are also observed. Finally, a 1.7 fs asymptotic peak shift is observed in toluene, whereas the other two traces decay to negative values near zero. The question we take up in the following sections is whether these time scales represent solvent motions or chromophore dynamics.
Time-resolved measurements
The 3PEPS traces of ZnTPP in toluene, DCM, and DMSO also show multiple oscillations due to vibrational modes of porphyrin. Parameters from linear prediction singular value decomposition ͑LPSVD͒ fits of damped cosinusoidal functions to these residuals are collected in Table III. The frequencies, amplitudes, and damping times vary with the solvent. The lowest frequency mode in each trace ͑107-139 cm −1 ͒ is overdamped and therefore represents part of the ultrafast decay rather than a chromophore vibration, which is more likely to be underdamped. In all three solvents, one or two modes near 200 cm −1 and a mode near 380 cm −1 are observed. These frequencies are consistent with the off-resonant Raman measurement of ZnTPP in toluene by Yoon et al. who found peaks at 201, 221, 336, and 388 cm −1 that were assigned to vibrations of A 1g , B 2u , B 1u , and A 1g symmetries, respectively. 36 Thus, the 201 and 382 cm −1 oscillations in these time-resolved measurements correspond to totally symmetric ground-state modes. The dephasing times of these modes are also consistent with those found in transient absorption and fluorescence upconversion measurements. 36 The phases of these oscillations vary as a result of the relationship between the probe wavelength and the minimum of the potential energy surface. 37 The TG traces for ZnTPP in the three solvents are shown in the inset to Fig. 1 . The signals decay on multiple time scales ranging from tens of femtoseconds to hundreds of picoseconds, and they also contain oscillations. Parameters for exponential fits are summarized in Table IV , and parameters for LPSVD fits to the oscillations are summarized in Table  IV . The exponential decays reflect internal conversion dynamics, to be discussed below. Oscillations were not fit to the DMSO TG data because the data were too noisy. The oscillations occur at similar frequencies as those observed in 3PEPS, but are not as clearly resolved. The damping times for each mode are somewhat shorter than observed for the corresponding mode in 3PEPS, which probably reflects differences in the signal-noise ratio of the two measurements. The effects of imidazole ligation on 3PEPS of ZnTPP in DCM are shown in Fig. 2 . The concentration of imidazole was chosen to ensure that essentially 100% of porphyrin was present in the five-coordinate form. Ligation causes a decrease in the initial peak shift from ϳ22 ͑unligated͒ to 17 fs ͑ligated͒, but the time constant of the ultrafast decay only changes from 33 ͑unligated͒ to 30 fs ͑ligated͒. The time constant of the longer decay changes slightly from 500 ͑unli-gated͒ to 567 fs ͑unligated͒; however, the ratio of amplitudes of the two decay components is approximately the same in both cases. Most of the vibrational frequencies and damping times ͑Table III͒ were also nearly independent of ligation. The most significant difference in the peak shift traces is the appearance of a 151 cm −1 mode in the five-coordinate ZnTPP that did not appear in the unligated case. In the TG signals, three exponential decay components and three oscil- Figure 3 compares 3PEPS traces of ZnTTP and ZnPP9 in DMSO. The ZnPP9/DMSO peak shift data show two features similar to the ZnTPP trace: a large amplitude ultrafast decay and a 200 fs decay component. However, the slower components differ: ZnTPP shows a 5.3 ps decay to a slightly negative asymptotic value, whereas ZnPP9 only shows a positive asymptotic peak shift. Oscillations in the ZnPP9 signals are significantly less prominent compared to those for ZnTPP. Two of the frequencies are similar, but one ͑88 cm −1 ͒ is significantly lower than those found in ZnTPP or Zn cyt c ͑below͒. The dephasing times of these modes ͑360-1200 fs͒ are much longer than the estimated Soret excited-state lifetime ͑Ͻ30 fs; see below͒, which implies that they are ground-state vibrations.
The differences in the excited-state lifetimes of the two Zn-porphyrins are most clearly seen by comparing the TG signals ͑inset Fig. 3͒ , which reveal the time scales of Soret and Q-band excited-state population decay. In contrast to ZnTPP, which contains multiple picosecond time scale decay components, the ZnPP9 TG signals only reveal a large amplitude fast decay component followed by a decay on time scales longer than 500 ps. The most significant difference between ZnTPP and ZnPP9 is the Soret excited-state lifetime. For ZnTPP ͑Table III͒ the solvent-and ligationdependent 1.3-2.5 ps and Ͼ1 ns decay components in the TG data are not present in 3PEPS and are thus assigned to the Soret-state and Q-state population relaxations, respectively. These assignments are consistent with published results. 35, 38 In both toluene and DCM, axial ligation of ZnTPP has an effect on the B-state lifetime; it increases from 1.3 to 1.9 ps upon ligation in toluene, whereas it decreases from 2.5 to 1.5 ps in DCM. The Q-state lifetime is also sensitive to axial ligation. In toluene, the Q-state lifetime increases upon ligation, which is consistent with the increase of the Soret lifetime. In DCM, the Q-state lifetime increases by about 10% upon ligation, which is the opposite of the change in the B-state lifetime. Note that the Q-state lifetime of ZnTPP in DCM is tens of picoseconds, whereas it is hundreds of picoseconds or longer in DMSO and toluene. Femtosecond time scale, photoinduced electron transfer from Znporphyrins to DCM has been observed. 35, 39 The decreased ground-state recovery time observed in DCM may be attributed to the back-electron transfer from the solvent. This rate is not known from other measurements.
The TG data for ZnPP9 show a fast decay component ͑ϳ30 fs͒ and a slow decay component ͑Ͼ1 ns͒ ͑Fig. 3͒. Thus, in contrast to ZnTPP, ZnPP9 has a Soret excited-state lifetime of Ӷ30 fs, which is consistent with the absence of a detectable fluorescence from the Soret band. The longest time constants observed in the ZnPP9 TG measurements reflect the Q-state lifetime. One final comment to be made regarding internal conversion is that it may be dependent on the wavelength of the excitation within the band, as observed in time-resolved fluorescence measurements by Yu et al. 35 and Mataga et al. 34 and in wavelength-dependent fluorescence quantum yield studies by Steer et al. 40 3PEPS and TG measurements in different solvents, at several wavelengths across the Soret band, would clarify this possibility.
3PEPS data for native and urea-denatured Zn-cyt c are shown in Fig. 4 . Significant changes are observed. First, the initial peak shift increases upon denaturation. Second, although the time scale of the ultrafast ͑34 fs͒ component does not change, the 320 fs and 7.7 ps decay components present in the native sample are absent in the denatured sample. Finally, the asymptotic peak shift increases from ϳ4.2 fs for the native state to 7.1 fs for the denatured Zn-cyt c. This last characteristic is consistent with 3PEPS measurements on Fe͑III͒-cyt c, showing that inhomogeneous broadening increases upon denaturation. 2 The native Zn-cyt 3PEPS shows three well-resolved oscillations. The frequency and damping time of one mode ͑220 cm −1 and 407 fs͒ match that of one mode observed for ZnPP9 in DMSO ͑225 cm −1 and 410 fs͒; however, there is no clear correspondence for the other two modes. 3PEPS for the denatured Zn-cyt c does not show well-resolved oscillations. The TG signals of the two conformers show fast decays that comprise 50%-60% of the amplitude, followed by slower decays and culminating in unresolved components with time scales longer than 1 ns. These longer time scale components reflect a Q-state population decay back to the ground state.
III. OPTICAL RESPONSE FUNCTION SIMULATIONS
A. Theoretical models for two-and three-level systems TG and 3PEPS measurements are sensitive to slightly different aspects of molecular dynamics. 3PEPS is a measurement of optical dephasing caused by bath fluctuations coupled to the electronic transition. These fluctuations may be intramolecular vibrations or solvent or protein motions. Cho et al. derived expressions for an impulsively excited two-level system showing that the initial peak shift is inversely proportional to the total coupling strength ͑i.e., spectral linewidth͒ and that the asymptotic peak shift is proportional to the magnitude of inhomogeneous broadening. 15 The TG measurement is sensitive to the same set of molecular fluctuations and also contains time scales of population relaxation ͑i.e., decay of the excited-state population and ground-state recovery͒. Thus, a comparison of time scales obtained from both experiments may be used to determine which time constants are associated with bath dynamics and which are associated with population relaxation.
The molecular dynamics probed by the laser pulses are contained within the nonlinear response functions. Our calculations employ the response functions derived by Smith et al., 11 which are based on theories independently developed by Mukamel and Abramavicius 8 and Sung and Silbey. 9 The theory describes the calculation of the third-order optical response for a system with many electronic levels coupled to a harmonic bath. Their approach includes pathways of lightmatter interactions for ground-state bleach ͑GSB͒, excited- The third-order optical response of a two-state system is well understood. 10 To facilitate a comparison to the threelevel system ͑Fig. 5͒, we present the expressions incorporating terms neglected in Ref. 28 ͑Joo et al.͒. In the impulsive limit, with time arguments as indicated in Fig. 6 ͑in the k s =−k 1 + k 2 + k 3 phase-matching direction͒, the response takes the following form: Fig. 7 . The first factor in the response is a term that comes out of the Dyson series in the Liouville space. The second factor is an ensemble orientational average of the dot product of the ground-to excited-state transition dipole moment with each electric field ͑laser pulses as well as the output signal͒. The third term, for which ji = ͑1/ប͒͑E j − E i ͒ and E i − E j is the electronic energy gap, describes the evolution of the coherences and populations with respect to the average energies of the relevant electronic states ͑for a more complete description of these terms, please refer to Smith et al. 11 ͒. These terms may be neglected because their products are identical for the two pathways and because the optical polarization is proportional to the magnitude squared of the total response. Thus,
͑2͒
In the high temperature limit ͑ប Ӷ kT for each mode͒, g͑t͒ is given by
͑3͒
which is defined in terms of M͑t͒, the time correlation function of the electronic transition frequency:
In these last two equations, the constants and variables are identified as follows: is the Stokes shift, k B is the Boltzmann constant, T is the temperature, ប is Planck's constant, ⌬͑t͒ is the time-dependent part of the electronic energy gap, and ⌬ 2 is the square of the standard deviation from the mean of the fluctuations.
We now turn to the three-state system in the impulsive limit and only consider the GSB and ESE contributions. Its response functions are products of terms similar to those in the two-state system. As mentioned earlier, the exponential frequency terms in the response function for the two-state system do not affect the 3PEPS or the TG signals. For the nondegenerate three-state system, however, the energies of the excited states cannot be neglected. Furthermore, there are eight pathways for the three-state system, i.e., four GSB and four ESE pathways ͑Fig. 8͒. This added complexity may be understood in terms of the double-sided Feynman diagrams, which describe each pathway of light-matter interactions. For the two-level system, we have one diagram for ESE and one for GSB. For the three-level system, the response must include all permutations of the two excited states ͉e 1 ͘ and ͉e 2 ͘ in place of the single excited state ͉e͘ of the two-state system ͑Fig. 5͒. In fact, the two-state system is actually a special case of the three-state system corresponding to degenerate excited states with no asymmetric fluctuations ͑see below͒. This equivalence may be seen by examining the Feynman diagrams: the individual responses of the four R D3 ͑R D2 ͒ pathways become identical. The result is that each pathway for the three-state system includes a distinct exponential frequency prefactor that, in turn, means that the different pathways of the three-state system may interfere in a manner impossible for the two-state system. The various exponential energy prefactors are listed below for illustration: Another difference between two-and three-state systems is that transition dipole moments for the three-state system may have different orientations. Thus, the signals are sensitive to the polarizations of the incident pulses. This factor is especially important for porphyrins, which have orthogonal transition dipole moments. The polarization-dependent terms lead to weighting factors for each pathway. These factors were derived by orientationally averaging over an isotropic ensemble and assuming that the time scale of rotations is much slower than the experimental time scale ͑ rol ӷ T͒. This orientational effect has been explicitly taken into account within the simulation by setting all three pulses plane polarized in the same direction as in the experiments. Two points on the use of polarization conditions should be noted. First, the use of different incident polarizations for these intensitydetected experiments would change the weighting factors for each pathway, but would not reduce the number of pathways contributing to the signal. Combinations of heterodynedetected experiments analogous to those used for vibrational transitions 41 may reduce the number of pathways because the signals are then proportional to the response function, in contrast to homodyne experiments, in which the signal is proportional to the modulus squared of the response function. Second, due to the isotropic distribution of the initial molecular ensemble, it is not possible to selectively probe only one of the two excited states. If the porphyrin molecules were oriented, for example, in a crystal, it would be possible to employ a sequence of polarized pulses to selectively probe one excited state. A third issue, which pertains to the high symmetry of porphyrins, is that perturbations to the idealized D 4H macrocycle fall into two categories: symmetric and asymmetric vibrations. 11 Thus, g͑t͒ is a product of these two contributions. Symmetric modes act the same as the line-broadening mechanism of the two-state system ͑the energy fluctuations of the two excited states are entirely correlated͒. By contrast, the asymmetric modes are fluctuations of the excited-state energies that cause a time-dependent splitting between the excited states. These fluctuations are anticorrelated in the sense that if at a point in time the change in energy of ͉e 1 ͘ is positive, then the change in energy of ͉e 2 ͘ is negative, and vice versa. Resonance Raman dispersion spectroscopy 42 provides information about the symmetry of the vibrational modes, which may be used to construct g͑t͒ appropriately. Below, we consider both types of vibrations. The theory for the third-order response developed by Mukamel or Sung and Silbey using the second-order cumulant expansion does not explicitly handle population transfer. Two processes may be important in porphyrins: population transfer between B-state levels and transfer from the B state to the Q state. We consider each process in turn.
Cross et al. developed a kinetic approach for calculating the time-dependent anisotropy of a multilevel system. 43 FIG. 8. Double-sided Feynman diagrams for all of the GSB and ESE pathways for the three-state system in the k s =−k 1 + k 2 + k 3 phase-matching direction.
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Although their model does not consider dephasing, it does provide insight into the role of population transfer. One particular case they consider is the time-dependent anisotropy of a system in which two excited states are simultaneously excited. It is found that as long as the rates of decay from the two excited states are equal to or slower than the rates of relaxation between them, the anisotropic absorption signal is not affected by relaxation between the excited states. This situation corresponds to the two cases described here, as the time scale of population transfer between B x / B y states is on the order of tens of femtoseconds 44 and the rate of decay from B to Q states is approximately equal ͑ZnPP9/Zn-cyt c͒ to or longer than ͑ZnTPP͒ this time scale. In the context of this model, we do not expect the B x -B y population transfer to affect the peak shift data. If the vibrations coupled to each level differ, or if the solvation dynamics of the two levels are different, the peak shift may be sensitive to the rate of exchange.
As shown by the TG measurements, the Soret excited state is depopulated by internal conversion both to the Q state and directly to the ground state. We treated these population effects phenomenologically by multiplying the response functions for all ESE terms by an exponential factor that reduces the magnitude of this contribution as a function of T. This treatment assumes that the excited-state population decays spontaneously into a dark state ͑i.e., no ESA from the Q state͒ that does not contribute to the response in the phasematching direction. The ground-state recovery from Q is also neglected. Since the Q lifetime ͑1-2 ns͒ is much longer than the other time scales of this system, relaxing this last assumption will lead to a nanosecond decay component in the TG signals and a negligible effect on the peak shift. This approach is similar in spirit to the work by Fleming and co-workers who analyzed 3PEPS measurements on reactive systems. 45 The internal conversion kinetics of these systems were modeled by multiplying the optical response functions with time-dependent prefactors to account for the population transfer between the reactant and photoproduct levels. 46 Population dynamics is assumed to have no effect on dynamics during the first and third "coherence" periods, which are typically very short ͑Ӷ100 fs͒ as compared to the second ͑"population"͒ period that may last for nanoseconds. Although we assume that the second evolution period of the three-level system is analogous to the population state of the two-level case, it should be kept in mind that during the second evolution period, the ESE pathways of a three-level system have different states: R 2d 1 has an ͉e 1 ͗͘e 1 ͉ population, R 2d 2 has an ͉e 2 ͗͘e 2 ͉ population, while R 2d 3 has an ͉e 1 ͗͘e 2 ͉ coherence and R 2d 4 has an ͉e 2 ͗͘e 1 ͉ coherence. Our treatment assumes that all states present during the second evolution period decay at the same rate.
We chose correlation function parameters for modeling the native Zn-cyt c 3PEPS data. In particular, M͑t͒ is a sum of exponential decays and damped oscillations in the following form:
where the parameters are ⌬ 1 = 226.3 cm −1 , ⌬ 2 = 66.7 cm −1 , ⌬ 3 = 59.7 cm −1 , ⌬ 4 = 97.14 cm −1 , and ⌬ 5 = 31.83 cm −1 ; 1 = 55 fs, 2 = 320 fs, 3 = 7450 fs, 4 = 415 fs, and 5 = 3227 fs; and 4 = 216 cm −1 and 5 = 152 cm −1 . The time constants of the exponential components and the frequencies and damping times of the oscillations were essentially taken from fits to the 3PEPS data ͑Tables II and III͒. The coupling strength ͑amplitude͒ of each component was chosen so that it reproduces the contribution of that feature in the peak shift trace. In order to reproduce the nonzero asymptotic peak shift ͑4.2 fs͒, simulations incorporated inhomogeneous broadening ⌬ inhom by adding a ͑⌬ inhom t͒ 2 / 2 term to the symmetric or asymmetric line-broadening function as specified. Excitedstate energies were 23 600 cm −1 for the degenerate system, or 23 600 and 23 900 cm −1 for the nondegenerate system. The transition dipole moments were assumed to be orthogonal and of equal magnitude. These parameters for the nondegenerate system are consistent with the shape and position of the Zn-cyt c Soret band.
B. Results of numerical simulations and comparison to data
Calculations of the TG and peak shift for two-and threelevel systems are presented in Figs. 9-11 . The primary purpose of the simulations is to demonstrate that bath time scales of the quasidegenerate three-level systems may be inferred from the experiments. We show that the effects of nondegeneracy and excited-state lifetimes leave distinct footprints on 3PEPS and TG.
Figures 9͑a͒ and 9͑b͒ show the 3PEPS and TG for three systems with 30 fs excited-state lifetimes and purely symmetric line broadening. This case represents the non-Soretband fluorescent porphyrins such as ZnPP9 or Zn-cyt c. As expected, the degenerate three-level system is optically identical to the two-level system. The TG has a decay component with the same time scale as the excited-state population relaxation. The asymptotic value of the signal corresponds to the GSB contribution, which is a constant value. In 3PEPS, nondegeneracy leads to a reduction of the asymptotic peak shift, while in TG the only noticeable difference due to nondegeneracy is a slightly faster initial decay. The initial peak shift is also affected by nondegeneracy. The decrease in initial peak shift arises from a compromise in the rephasing capability of the ensemble because the first and third evolution periods may evolve in different coherent states ͓e.g., ge 1 then ge 2 , or vice versa ͑Fig. 7͔͒. The value of the initial peak shift thus decreases with an increasing excited-state splitting. Interestingly, an excited-state energy splitting induces a nonzero asymptotic peak shift even in the absence of inhomogeneous broadening. However, the two effects are not simply additive: when the system is also inhomogeneously broadened, the excited-state energy splitting decreases the asymptotic peak shift somewhat compared to the value expected from the sum of the two effects.
Figures 10͑a͒ and 10͑b͒ compare the same three systems with longer ͑1 ps͒ excited-state lifetimes. This case represents porphyrins such as ZnTPP that show a Soret-band fluorescence. Again, we find that the degenerate three-level system is identical to the two-level system, and the TG decays at the same rate as the excited-state population decay. As in the short-lived case, the 3PEPS shows a decreased asymptotic peak shift. By contrast, however, nondegeneracy causes oscillations ͑"electronic quantum beats"͒ to appear in both the 3PEPS and TG signals. The frequency of these oscillations corresponds to the inverse of the excited-state splitting. These quantum beats are entirely due to the ESE pathways. They are damped at the same rate as the excited-state population decay, which explains why they are not present in the nondegenerate system with a 30 fs lifetime. The initial decay of the TG for the nondegenerate system is faster than that for a degenerate system because of the contribution of the overdamped electronic quantum beat.
Dephasing of the electronic quantum beats is affected by asymmetric contributions to line broadening. In particular, the traces in Figs. 11͑a͒ and 11͑b͒ demonstrate that the presence of even a very small amount ͑10 cm −1 , or 6% of the total optical reorganization in DCM͒ of asymmetric line broadening damps the quantum beats on short time scales. This broadening may be static or dynamic. Asymmetric inhomogeneous broadening results in a distribution of excitedstate splittings for the ensemble. In this case, interference of the polarization amongst individual molecules dephases the electronic oscillations. Similarly, asymmetric fluctuations dephase the quantum beats by modulating the excited-state splitting. Asymmetric inhomogeneous broadening of a degenerate three-level system also causes an initial decay in the TG. The electronic quantum beats may also be damped by various mechanisms not currently taken into account, such as finite pulse durations and population transfer between excited states.
In summary, the simulations demonstrate that to a large extent the TG and 3PEPS data may be interpreted in the same way as for two-level systems. In particular, the amplitudes and time scales of the peak shift decay reflect bath time scales. However, the appearance of an asymptotic peak shift must be interpreted more carefully, as it may arise from a combination of excited-state splitting and inhomogeneous broadening. In general, it may be expected that an asymptotic peak shift will appear if multiple, nondegenerate electronic states are present within the laser bandwidth. Additional issues warrant further study: finite bandwidth/pulseduration effects, ESA and DQC pathways, polarization/ anisotropy effects, and population transfer.
IV. SOLVENT AND PROTEIN DYNAMICS
As the results of the previous section show that the 3PEPS time scales reflect those of the underlying energy gap correlation function, we turn to a discussion of the molecular dynamics that give rise to these time scales. Solvent dynamics and protein dynamics results will be discussed separately.
Solvent motions are most likely responsible for the tens of femtoseconds to several picosecond time scale fluctuations observed in the ZnTPP and ZnPP9 3PEPS measurements. There are several reasons to consider vibrational relaxation an unlikely explanation. First, excess vibrational energy was minimized to less than ϳ200 cm −1 by exciting the Soret band at wavelengths near the peak or in the longwavelength region, which makes the Soret excited-state vibrational relaxation unlikely to be significant in the ZnTPP measurements. By contrast, vibrationally hot ground-state molecules may be produced by internal conversion from the Soret excited state to the ground state. However, several measurements have identified cooling time scales of tens of picoseconds for ZnTPP in these solvents. 34, 35, 47 Finally, a significant population of vibrationally hot ground-state molecules converted from the Q state is not likely to accumulate because the ground-state recovery times observed here ͑hun-dreds of picoseconds͒ are also longer than the vibrational cooling time scales. The same reasoning applies to the Zncyt c measurements.
The sensitivity of the steady-state absorption and emission spectra to solvent and the variation in the spectrum of time scales revealed by the 3PEPS are consequences of the significant coupling between solvent motions and the Soret electronic transition. Various forms of femtosecond spectroscopy have been used to obtain a detailed view of several different types of chromophore-solvent dynamic interactions. For example, 3PEPS measurements on fluorescent dyes ͑e.g., eosin or nile blue͒ have been used to characterize polar solvation dynamics. 14, 16, 48 A polar solvation response to an abrupt charge redistribution within a solute is characterized by a large amplitude reorganization, largely originating from collective librational/rotational motions of the solvent, followed by a slower, smaller amplitude response caused by a solvent translational/diffusional reorganization. 16, 49 Similar motions lead to solvation in "nonpolar" solvents ͑i.e., solvents without significant permanent dipole moments͒. 50 Maroncelli and co-workers have amassed a large set of solvation dynamics data determined from time-resolved fluorescence Stokes shift measurements of coumarin 153. 51 We compare the time scales obtained in those studies with those observed for ZnTPP in the solvents considered here. The trend in average time scales of the peak shift decay ͑for ZnTPP: 650 fs for toluene, 620 fs for DMSO, and 138 fs for DCM͒ follows the average solvation dynamics time scales obtained for coumarin 153 ͑2.7 ps for toluene, 2 ps for DMSO, and 560 fs for DCM.͒ 51 A closer agreement should not be expected because solvation dynamics are solute dependent. These differences will lead to significant differences in the solvation dynamics of the two classes of molecules. For example, ZnTPP is symmetric and thus has a zero dipole moment in all electronic states. ZnPP9 is asymmetric, so it may have a permanent dipole moment. However, even in the latter case, the charge distribution is more accurately described by a higherorder multipole expansion than by a large dipole moment, as characteristic for coumarins. Furthermore, the solute size FIG. 11 . Asymmetric line broadening. ͑a͒ Simulated 3PEPS for a 1 ps lifetime nondegenerate symmetric ͑open circle͒, nondegenerate with a nonzero asymmetric M͑t͒ ͑thin line͒, and nondegenerate with a 10 cm −1 asymmetric reorganization ͑thick line͒. ͑b͒ Simulated TG for a 1 ps lifetime nondegenerate symmetric ͑open circle͒, nondegenerate with a nonzero asymmetric M͑t͒ ͑thick line͒, and nondegenerate with a 10 cm −1 asymmetric reorganization ͑thin line͒. The M͑t͒ and the value of ⌬ inhom were the same as in Fig. 9 .
plays an important role in the solvent response. It is to be expected that the solvent response slows with the increasing size of the solute, as the individual solvent molecules must compromise in the motion required to respond to the electronic changes in the various regions of the solute. Thus, the cooperative solvent motions that lead to the ultrafast solvation response for small solutes are probably less effective with increasing solute size. Finally, as suggested by the steady-state spectra, specific interactions of the solvent with the metal atom are likely to be important. Molecular dynamics simulations would be helpful for investigating the contributions of each factor to the solvation dynamics of porphyrins.
A comparison of the 3PEPS results for native and denatured Zn-cyt c reveals significant changes in protein dynamics upon unfolding. Both samples show ϳ30 fs decay components that reflect high frequency ͑Ͼ500 cm −1 ͒ vibrations of the heme and of the protein. Raman measurements are best for examining this regime, so we focus on discussing the lower frequency dynamics. The slower 326 fs and 7.7 ps decays in the native sample 3PEPS do not appear in the denatured sample 3PEPS. These time constants reflect the response of the protein-bound or protein-associated water, or of the protein itself, to the electronic excitation of the heme cofactor. We consider water solvation first. The dynamics of water around proteins is generally found to be slower than that of bulk water, which is largely complete on subpicosecond time scales. 52 For example, Qiu et al. observed 0.6 and 14.7 ps time constants for the solvation of water-exposed tryptophan residues in melittin. 53 Although the two sets of time scales are similar, the solvation of heme in native Zncyt c is likely to be rather different from that of tryptophan in melittin because the structure shows that the cofactor is sequestered from the bulk solvent. However, the interior of the protein may contain water. In particular, the structure of horse-heart cyt c ͑Protein Data Bank code 1HRC͒ shows a water molecule ͑HOH112͒ bound near the heme in a hydrogen-bonding network with residues ASN52, TYR67, ILE75, and THR78. Due to its proximity to the cofactor, solvation due to the hydrogen-bond rearrangement within this network is likely to be significant and may contribute to the 326 fs and 7.7 ps time scales observed. This structure is likely to change significantly in the unfolded state, thus accounting for the change in time scales upon denaturation. Sidechain and backbone motions may also be a significant component of the relaxation. Since protein motions are largely coupled to solvent motions, it may be difficult to distinguish the two. However, neutron scattering measurements on proteins in D 2 O are capable of specifically observing sidechain motions. Quasielastic neutron scattering experiments on cyt c revealed a 9 ps correlation time for the sidechain motion. 54 Thus, the 7.7 ps time constant may reflect sidechain dynamics corresponding to those observed in neutron scattering. 3PEPS measurements on site-directed mutants would be useful for investigating the relationship between the heme pocket structure and the dynamics.
The magnitude of inhomogeneous broadening in the Soret band of denatured Zn-cyt c is substantially larger than observed for the native state. This result indicates that the denatured protein undergoes lower frequency motions ͑time scales ӷ1 ns͒ and/or is more structurally heterogeneous than the native state. 2 Inhomogeneous broadening arises when the protein ensemble samples different conformations within the statistical subset of the energy landscape 55 on time scales longer than the time scale of the measurement. The inhomogeneous broadening resolved by these measurements is a measure of the conformational diversity sensed by the heme cofactor, resulting from the presence of multiple ligation states or conformers with varying solvent exposure and local peptide structure. As discussed above, to determine the precise magnitude of inhomogeneous broadening from the asymptotic peak shift, the excited-state splitting must be independently measured.
The excited-state dynamics of Zn-cyt c were characterized by Lampa-Pastirk et al., 56 who measured the time evolution of the emission spectrum subsequent to the Q-band excitation. The Q͑0,0͒ : Q͑0,1͒ vibronic peak intensity ratio was found to evolve on 120 ps and 7 ns time scales. These time scales were assigned to the sequential photodissociation of two heme axial ligands. Although Zn porphyrins are usually thought to be five-coordinate, the authors considered sixcoordination probable because of the forces and spatial constraints applied by the protein. This group also examined the time-dependent frequency shift of the emission spectrum. 57 The fluorescence Stokes shift time scales ͑250 ps and 1.45 ns͒ were assigned to the polar reorganization dynamics of the protein. The time scales of the Stokes shift were different from those of the Q-band evolution, suggesting that ligand dynamics are uncorrelated with polar solvation dynamics. The current 3PEPS and TG experiments were limited to ϳ1 ns population decay because of the length of the delay line in the optical setup. However, the picosecond time scales accessible to our current experiments and those of the Q-band emission studies largely overlap. The time constants observed in the two experiments clearly indicate different dynamics. The 300 fs and 7.8 ps time constants from 3PEPS predominantly reflect ground-state fluctuations, as the response mostly comes from GSA. By contrast, the slower dynamics observed in the measurements of Beck and coworkers reflect an excited-state reorganization, which is not probed by our current experiments. 3PEPS measurements with the Q-band excitation would provide a more informative comparison to their emission studies.
The optical excitation of five-or six-coordinate Fe porphyrins and heme proteins is known to produce a deligated product on a sub-100 fs time scale, with subsequent ligand rebinding rates set by conformational fluctuations. 55, 58 The question arises whether excited-state ligand dissociation occurs in Zn porphyrins. To the best of our knowledge, except for the studies by Beck and co-workers ͑mentioned above͒, the ligand photodissociation of Zn porphyrins has not been observed. It seems unlikely that ZnTPP undergoes a ligand photodissociation on subnanosecond time scales because the 3PEPS data for ZnTPP contain the same time constants in both five-coordinate and four-coordinate states. These dynamics should be observable as a decay component in 3PEPS of ZnTPP, ZnPP9, or Zn-cyt c because the Soret-band absorption and emission spectra both shift upon ligation. A similar comparison of ligation states is not yet possible for Zn-cyt c, as the structure of the denatured form has not been fully characterized. However, if we accept the suggestion by Lampa-Pastirk et al. that ligand dynamics in Zn-cyt c occur on 120 ps and 7 ns time scales, then it seems likely that time scales in the current Soret-band measurements reflect protein motions rather than ligand dynamics.
V. CONCLUSIONS
We presented 3PEPS and TG measurements on Zn-cyt c, its cofactor ͑ZnPP9͒, and a model chromophore ͑ZnTPP͒ in solvents. The measurements are sensitive to the spectrum of solvent and protein fluctuations, but they do not suggest the occurrence of ligand photodissociation. The optical response function simulations show that the calculated 3PEPS time scales closely track those in M͑t͒, as expected for a two-level system. The degenerate, symmetric three-level response is identical to the two-level response. Assuming all vibrations to be symmetric ͑as suggested by Raman measurements͒, a splitting between excited-state levels does not change the time scales or oscillatory features, but it does cause changes in the asymptotic peak shift that interfere with inhomogeneous broadening. The simulations show that unlike twolevel systems, in three-level systems the excited-state lifetime affects both 3PEPS and TG. Furthermore, nondegeneracy leads to electronic quantum beats in the simulations with a 1 ps excited-state lifetime. However, we showed that a small amount of asymmetric line broadening will eliminate the quantum beats and reduce the peak shift to the case where it closely tracks M͑t͒. The calculated signals reproduce data semiquantitatively: i.e., the time scales and the oscillatory features are well matched, demonstrating that the experimentally observed signals are sensitive to bath dynamics. Finally, the results on native Zn-cyt c reveal time scales that may pertain to motions of amino acids involved in hydrogen bonding within the heme pocket, whereas the ureadenatured protein undergoes lower frequency motions and is more heterogeneous than the native state.
